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Abstract: The in-plane optical conductivity of seven La2-xSrxCuO4 single crystals with 0 ≤ x 
≤ 0.15 has been studied between 30 and 295 K.  All doped samples exhibit strong peaks in 
the far-infrared, which closely resemble those observed in Cu-O “ladders” with one-
dimensional charge-ordering. The behavior with doping and temperature of the peak 
energy, width, and intensity allows us to conclude that we are observing  the infrared 
absorption of charge stripes in La2-xSrxCuO4. 
 
According to theoretical predictions,1-3  the charges injected by doping into the Cu-O planes 
of high-Tc superconductors may gather into fluctuating, one-dimensional structures 
(stripes) below a temperature T* >> Tc. Their existence is confirmed indirectly by the 
magnetic order4,5 attributed to the regions between the stripes, by lattice distortions detected 
in the Extended  X-ray Absorption Fine Structure,6 or by the opening at T* of 
“pseudogaps” in the density of states of the carriers.7 However, the excitation of charge 
arrays in the polar Cu-O lattice should also produce strong dipole fluctuations that could be 
directly detected by infrared spectroscopy.  
The phase diagram of La2-xSrxCuO4 (LSCO) is recalled in the inset of Fig. 3. The 
insulator-to-superconductor transition occurs8 at x = 0.055 at T = 0, while x = 0.15 
corresponds approximately to the optimum doping, where one achieves the highest-Tc in 
LSCO. In order to explore the “stripe phase”4 as extensively as possible, the optical 
conductivity σ(ω) of LSCO was determined between 295 and 30 K in seven single crystals 
with x = 0, 0.03, 0.05, 0.07, 0.10, 0.12, and 0.15 grown in different laboratories. The 
reflectivity R(ω) of the a-b planes, which include the Cu-O planes where superconductivity 
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takes place, was measured from either 20 or 40 cm-1 to 20,000 cm-1. Details of R(ω) in the 
far infrared are shown in the insets of Fig. 1. σ(ω), as extracted from R(ω) by Kramers-
Kronig transformations,9 is shown in Fig. 1 in the whole measured energy range.  
The La2CuO4 sample in Fig. 1A is an antiferromagnetic insulator with a Néel 
temperature TN = 324 K. Its spectrum shows three phonon peaks and additional weak peaks 
due to residual oxygen doping.10 The absorption edge at high energy, here and in the other 
spectra of Fig. 1, is due to charge transfer (CT) between Cu and O ions.11 The σ(ω) of 
LSCO with x = 0.03, not shown in the Figure, exhibits phonon lines as in Fig. 1A on the top 
of a broad background, which extends in the far- and mid-infrared. At x = 0.05 (Fig. 1B), 
just below the insulator-to-superconductor transition, a strong peak springs up at 250 cm-1 
as the temperature decreases. Its intensity overcomes by orders of magnitude the intensity 
of  ordinary phonon lines, as those one may still glimpse at 350 and 680 cm-1. The peak has 
the same T-dependence as a possible overtone at 500 cm-1 and a broad absorption with a 
sharp edge at 580 cm-1. The last broad band is similar to the d band observed in Nd2-
xCexCuO4 and assigned to the excitation of charges self-trapped in the polar Cu-O lattice 
(polarons).12 The intensity of all these features increases for T→0 through a transfer of 
spectral weight from higher-to-lower energy, which can hardly be appreciated on the 
logarithmic scale of the figure. A mid-infrared background (MIR band) also appears in Fig. 
1B around 3000 cm-1, in agreement with early experiments at room temperature.11 Colored 
arrows, reported conventionally on the left of Fig. 1B, indicate the dc conductivity σdc of 
the same sample, as obtained from the resistivity measured by the Van der Pauw 
technique13 at the temperature of the corresponding spectrum. Here, as in other panels of 
the figure, the σdc values are consistent with reasonable extrapolations of σ(ω) for ω →0.  
The arrows also show that the free-carrier contribution peaked at ω = 0 (Drude term) is 
much smaller, in the underdoped region, than the peak at 250 cm-1 so that in no way the 
Drude term can be confused with the strong peak at ω ≠ 0. A similar situation has already 
been reported for a Bi2Sr2CuO6 film with Tc = 20 K.14 In the following, we shall focus on 
the intriguing far-infrared peak, of which we follow the evolution throughout the “stripe 
phase” of La2-xSrxCuO4.  
The spectra of the superconductors with x > 0.05 in Fig. 1, including the one at 
optimum doping in Fig. 1E, are surprisingly similar to those of the sample in Fig. 1B with x 
= 0.05. A huge far-infrared peak at ω ≠ 0 is still observed, which becomes even stronger 
and softer. As a consequence, in Figs. 1C, 1D, 1E the first strong resonance is lower in 
energy than even the lowest transverse optical (TO) infrared-active phonon of La2CuO4, a 
mode with15 ω1TO = 132 cm-1 at x = 0.  
The systematic measurements reported in Fig. 1 show that unconventional 
absorption features are found in La2-xSrxCuO4 for a wide range of doping and temperature. 
Far-infrared peaks similar to those reported here were observed previously in a few 
superconducting samples of La2-xSrxCuO4+y, either oxygen-doped16 or Sr-doped.17 In the 
former case those peaks were tentatively assigned to polarons, in the latter case to disorder 
effects related to the Sr impurities. However, either for isolated18 or for interacting 
polarons19,20 the main absorption is predicted at frequencies higher than ωLO, where LO is a 
longitudinal optical mode of the polar lattice. As ωLO > ω1TO, the peaks observed in Figs. 
1C-1E at ω < ω1TO cannot be attributed to conventional polaronic charges. On the other 
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hand, the alternative interpretation in terms of spatial disorder may account for the increase 
with doping of the peak intensity, it may hardly explain its impressive increase for T →0.  
In the following, we will show by several arguments that the strong far-infrared 
peaks of Fig. 1 are due to collective excitations of charge stripes.21  
First of all, the spectra in Figs. 1C-1E are impressively similar in shape, energy, and 
temperature dependence to the ones reported22 in systems like the hole-doped “ladder” Sr14-
xCaxCu24O41. This compound exhibits a spin gap and its infrared spectrum is interpreted in 
terms of collective modes of one-dimensional arrays of holes.22 Also in the present layered 
cuprate, the extremely low frequencies ωp of the peaks and their strength (see Fig. 1) point 
towards the excitation of massive, charged arrays coupled to a polar lattice. Let us assume 
that ωp corresponds to the excitation of some vibrational mode of the whole array and that 
the vibrating mass is M. For the lowest-energy peak in Fig. 1 (x = 0.12, T = 30 K) ωp ≈  30 
cm-1 ≈  ωph/10, where ωph is an average optical-phonon frequency. As ωp should scale as M-
1/2, one may infer that M ≈ 102µ, where µ is the reduced mass of a cell of La2-xSrxCuO4 
vibrating at ωph. This estimate of the stripe dimension in the a-b plane (≈102 cells) is 
consistent with the available neutron scattering results, which give for the pinned stripes of 
La1.28Nd0.6Sr0.12CuO4 an average length of ≈ 20 nm.23 Therein, at higher temperatures the 
magnetic scattering peaks are lost, but inelastic neutron scattering still reveals stripe 
excitations with a threshold at about 3 meV ( 24 cm-1).23 Such situation should be similar to 
that of La1.88Sr0.12CuO4 at any T, and that threshold value is in excellent agreement  with the 
onset of the far-infrared absorption in Fig. 1D. It is also worth noticing that the lowest-T 
peak energy is minimum for x = 0.12, indicating that stripes are most massive for this Sr 
concentration. Indeed, that doping value is close to x = 1/8, where the ordering length 
should increase due to commensuration effects.  
A second argument comes out from the width of the far-infrared peak, which 
measures the lifetime of the excitation and/or an inhomogeneous spatial distribution of its 
characteristic frequency. Figure 2A shows the model proposed in Ref. 24 for commensurate 
charge stripes (in red) coexisting in La1.28Nd0.6Sr0.12CuO4 with antiferromagnetic (AF) 
stripes (in blue). One may reasonably assume that a close relation between AF and charge 
ordering holds also in the case of La2-xSrxCuO4 and for incommensurate stripes, even if on 
a shorter length and/or time scale. We report in Fig. 2B the halfwidth HWHMIR of the 
strongest observed far-infrared peak for each sample with x > 0. The star is an experimental 
point extracted from Ref. 16, under the assumption that the carrier density in La2CuO4.06 is 
roughly equivalent to that in La2-xSrxCuO4 with x = 0.12. Figure 2C is reproduced, instead, 
from Ref. 5. It shows for comparison the halfwidth HWHMNS of the peaks observed in the 
neutron scattering spectra of La2-xSrxCuO4 at 1.5 K and attributed to the AF stripes.5 For the 
reader’s convenience, the same guide to the eye is proposed in both panels of the Figure. A 
close resemblance in the doping dependence of the infrared and neutron scattering peaks is 
evident. Either the maximum width related to increasing fluctuations around the insulator-
to-metal transition and the minimum around the commensurate value x = 0.125 are 
observed by both techniques. Figure 2 can hardly be explained in terms of alternative 
models16,17 for the far-infrared peaks of LSCO, and provides strong support to the 
interpretation of the present data in terms of charge stripe excitations. 
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Finally, one should check that the far-infrared peaks are observed in a range of 
doping and temperature which coincides approximately with the “stripe phase” of the T-x 
diagram of La2-xSrxCuO4 (see the inset of Fig. 3). We have then subtracted12 the phonon 
contribution σph(ω) and the background due to the bands d, MIR, and CT from σ(ω), as 
reconstructed from a fitting procedure, thus obtaining 
σ * (ω ) = σ(ω ) −σ ph (ω ) −σ d (ω) − σ MIR(ω) −σ CT (ω ).               (1)                     
For x = 0.15 we have also subtracted the tail of the narrow Drude contribution, as 
reconstructed by a fit. The resulting, far-infrared, σ*(ω) is thus suitable to calculate the 
spectral weight of the anomalous peaks, independently of their shape. As usual, this area  is 
calculated in terms of an effective number of carriers per cell 
neff = 2m * Vπe2 σ * (ω )dω.ω 1
ω 2∫                                              (2) 
Therein, m* is conventionally assumed to be the free electron mass, V is the volume of the 
cell, and ω1 is the lowest measured frequency. The cut-off frequency ω2 > ωp is fixed, for 
any x, where σ*(ω) has  decreased  to negligible values. The lower limit ω1  is also such as 
to exclude most of the narrow Drude term in the samples with x < 0.15. The resulting neff is 
reported for all doped samples in Fig. 3 as a function of temperature. The error bars are 
largest for the spectra where R(ω) ≈ 1 and take into account the uncertainties involved in 
the procedure related to Eq. (1). As one may expect, at all temperatures neff increases with 
x. Simple linear extrapolations to neff = 0 (dashed lines) provide the temperatures T* 
reported as red squares in the inset of Fig. 3. T* then represents here, for any x, a qualitative 
prediction of the temperature where the charge structures responsible for the far-infrared 
peaks should disappear. As shown in Fig. 3, those T* values are consistent with the cross-
over region  (shaded area) between the “stripe phase” and the normal metallic phase, as 
obtained from all the pseudogap temperatures collected by different techniques and 
reported in Ref. 7. Therefore, in addition to their energy and width, also the intensity of the 
far-infrared peaks consistently indicates that we have observed charge stripes in La2-
xSrxCuO4 on the fast time scale of infrared spectroscopy. 
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Figure 1. Optical conductivity of the a-b (Cu-O) planes for five La2-xSrxCuO4 single 
crystals with hole doping increasing from top to bottom, at different temperatures. Raw 
reflectivity data are shown in the insets for the far infrared range. Colored arrows mark the 
dc conductivity values at the temperature of the corresponding spectrum. 
 
Figure 2. Comparison between the present infrared data and the neutron scattering results of 
ref. 5, based on the coexistence of charge stripes and antiferromagnetic domains. A, The 
model of Ref. 24 for the Cu-O planes at x = 1/8. The O ions are not shown, while the Cu 
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spins are marked by arrows and the excess holes by crosses. B, Halfwidth at half maximum 
of the strongest far-infrared peak in the 30 K spectrum, as a function of doping. The star is 
a point at 45 K from Ref. 16. C, Halfwidth at 1.5 K of the neutron-scattering peak due to 
the AF stripes, from Ref. 5.  
 
Figure 3. Effective number of carriers neff (see Eq. 2) in the far-infrared peaks of Fig. 1, for 
different x, as a function of temperature. The linear least-square fits (dashed lines), once 
extrapolated to neff = 0 provide the temperatures reported in the inset by red squares. The 
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green area marks the cross-over region between the “stripe phase” and the normal metallic 
phase, from the T* data reported in Ref. 7. AF is the antiferromagnetic, SC the 
superconducting phase of La2-xSrxCuO4. The arrow marks the minimum in Tc at the 
commensurate doping x = 1/8. 
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